The M5 muscarinic receptor is the most recent member of the muscarinic acetylcholine receptor family (M1-M5) to be cloned. At present, the physiological relevance of this receptor subtype remains unknown, primarily because of its low expression levels and the lack of M 5 receptor-selective ligands. To circumvent these difficulties, we used gene targeting technology to generate M 5 receptor-deficient mice (M5R ؊/؊ mice). M5R ؊/؊ mice did not differ from their wild-type littermates in various behavioral and pharmacologic tests. However, in vitro neurotransmitter release experiments showed that M 5 receptors play a role in facilitating muscarinic agonist-induced dopamine release in the striatum. Because M 5 receptor mRNA has been detected in several blood vessels, we also investigated whether the lack of M 5 receptors led to changes in vascular tone by using several in vivo and in vitro vascular preparations. Strikingly, acetylcholine, a powerful dilator of most vascular beds, virtually lost the ability to dilate cerebral arteries and arterioles in M5R ؊/؊ mice. This effect was specific for cerebral blood vessels, because acetylcholine-mediated dilation of extracerebral arteries remained fully intact in M5R ؊/؊ mice. Our findings provide direct evidence that M 5 muscarinic receptors are physiologically relevant. Because it has been suggested that impaired cholinergic dilation of cerebral blood vessels may play a role in the pathophysiology of Alzheimer's disease and focal cerebral ischemia, cerebrovascular M 5 receptors may represent an attractive therapeutic target. M olecular cloning studies have revealed the existence of five molecularly distinct muscarinic acetylcholine receptor subtypes (M 1 -M 5 ) (1, 2). During the past decade, considerable progress has been made in delineating the physiological roles of the M 1 -M 4 muscarinic receptors (3, 4). In contrast, the physiological relevance of the M 5 receptor subtype, which is the most recent member of the muscarinic receptor family to be cloned (5, 6), remains unknown at present (7, 8) . However, expression of the cloned M 5 muscarinic receptor gene in cultured mammalian cells has shown that the encoded receptor protein is functional and efficiently couples to G proteins of the G q family, similar to the M 1 and M 3 receptor subtypes (5-8).
M olecular cloning studies have revealed the existence of five molecularly distinct muscarinic acetylcholine receptor subtypes (M 1 -M 5 ) (1, 2) . During the past decade, considerable progress has been made in delineating the physiological roles of the M 1 -M 4 muscarinic receptors (3, 4) . In contrast, the physiological relevance of the M 5 receptor subtype, which is the most recent member of the muscarinic receptor family to be cloned (5, 6) , remains unknown at present (7, 8) . However, expression of the cloned M 5 muscarinic receptor gene in cultured mammalian cells has shown that the encoded receptor protein is functional and efficiently couples to G proteins of the G q family, similar to the M 1 and M 3 receptor subtypes (5) (6) (7) (8) .
Immunoprecipitation and in situ mRNA hybridization studies have demonstrated the presence of M 5 receptor protein͞mRNA in different areas of the brain including hippocampus, hypothalamus, and distinct midbrain regions (substantia nigra pars compacta and ventral tegmental area) (9) (10) (11) . However, M 5 receptors are expressed at very low levels, representing less than 2% of the total muscarinic receptor population (M 1 -M 5 ) expressed in the brain (9) . Interestingly, the use of highly sensitive reverse transcriptase-PCR (RT-PCR) techniques suggests that M 5 receptors are expressed in all major brain regions (12) . More recently, M 5 receptors also have been detected in several peripheral tissues or cells including peripheral blood lymphocytes (13, 14) , skin fibroblasts (15) , smooth muscle of the iris sphincter (16) and the esophagus (17) , and parotid gland tissue (18) , where they are colocalized with several other muscarinic receptor subtypes (13) (14) (15) (16) (17) (18) .
Given the lack of M 5 muscarinic receptor-selective ligands (2, 8) , we decided to use gene targeting technology to generate M 5 receptor-deficient mice (M5R Ϫ/Ϫ mice) to gain insight into the potential physiological roles of the M 5 receptor. M 5 receptor mRNA has been identified as the only muscarinic receptor mRNA in dopamine-containing neurons of the substantia nigra pars compacta (10, 11) , and activation of striatal muscarinic receptors is known to facilitate the release of dopamine in the striatum (19, 20) . It has therefore been proposed (10, 11) that striatal M 5 receptors may play a role in the control of locomotor activity and coordination by regulating the release of striatal dopamine. Thus one major focus of the present study was to investigate whether the lack of M 5 receptors was associated with changes in locomotor behavior and striatal dopamine release.
Interestingly, RT-PCR experiments recently showed that M 5 receptor mRNA is also present in several vascular tissues (21, 22) . Acetylcholine is known to be a powerful dilator of most blood vessels including cerebral arteries and microvessels (23) (24) (25) (26) (27) (28) . The cerebral circulation (both large arteries and microvessels) receives cholinergic innervation from extrinsic and intrinsic sources (29 -33) , and neuronally released acetylcholine is thought to play a role in the regulation of cerebral vascular resistance and regional blood flow (34) (35) (36) (37) (38) . Moreover, impaired cholinergic dilation of cerebral blood vessels has been implicated in the pathophysiology of Alzheimer's disease (29, 34, 39) and focal cerebral ischemia (35, 40) . Thus, another focus of the present study was to investigate whether the lack of M 5 receptors affected acetylcholine-mediated vasodilation, using several in vivo and in vitro cerebral and noncerebral vascular preparations as model systems.
Materials and Methods
Generation of M5R ؊/؊ Mice. A murine M 5 muscarinic receptor clone was isolated from a 129SvJ mouse genomic library (Genome Systems, St. Louis) by hybridization with a PCR fragment coding for the central portion of the third intracellular loop of the mouse M 5 receptor. The targeting vector contained two copies of the herpes simplex virus thymidine kinase gene (TK) and a phosphoglycerate kinase-neomycin resistance cassette (neo), which replaced an 0.8-kb MscI-BglII genomic fragment coding for the first 250 aa of the mouse M 5 receptor including the translation start site (Fig. 1A ). After linearization with NotI, the targeting vector was introduced into TC1(129SvEv) embryonic stem cells by electroporation (41) . Clones resistant to G418 and gancyclovir were tested for the occurrence of homologous recombination via Southern hybridization. Properly targeted embryonic stem cell clones were microinjected into C57BL͞6J blastocysts to generate male chimeric offspring, which in turn were mated with female CF-1 mice (Charles River Breeding Laboratories) to generate F 1 offspring. F 1 animals heterozygous for the M 5 receptor mutation were then intermated to produce homozygous M 5 receptor mutant mice (F 2 ). All experiments were carried out with littermates of the F 2 or F 3 generation (CF-1 ϫ 129SvEv hybrids). Similar functional responses were obtained with F 2 and F 3 mice.
RT-PCR. Total RNA was extracted from tissues derived from wild-type and M5R Ϫ/Ϫ mice using Trizol reagent (GIBCO). After DNase treatment (2 units⅐l
Ϫ1
; Ambion), total RNA (Ϸ1 g) was reverse-transcribed by using oligo(dT) 16 primers and murine leukemia virus RT (Perkin-Elmer), followed by PCR amplification of a 230-bp DNA segment specific for the wild-type M 5 receptor gene (PCR conditions: 95°C for 2 min; 35 cycles of 95°C for 15 sec and 60°C for 30 sec; 72°C for 7 min). The following primer pair was used: f5Ј-GTCTCCGTCATGAC-CATACTCTA-3Ј [nucleotides 616 -638 (coding sequence)] and r5Ј-CCCGTTGTTGAGGTGCTTCTAC-3Ј (nucleotides 824-845).
Pharmacologic and Behavioral Studies. All studies were carried out with adult mice (males) that were at least 3 months old. Oxotremorine-induced tremor, hypothermia, and salivation responses were quantitated as described (41, 42) . To assess spontaneous locomotor activity, mice were placed in polypropylene cages [24 ϫ 45 ϫ 15 cm (height)], and the number of photocell beam interruptions were counted for 60 min to monitor horizontal activity by using a Photobeam Activity System (San Diego Instruments) as described (41) . In amphetamine and apomorphine injection experiments, mice were placed into the locomotion boxes for a 30-min acclimatization period, followed by the s.c. administration of drugs and immediate monitoring of locomotor activity for the next 60 min (41) . To assess locomotor coordination, mice were tested for their ability to stay on an accelerating rotor-rod (San Diego Instruments). Mice received four 2-min trials separated by a 2-min intertrial interval. Two separate experiments were conducted. In experiment 1, the speed of the rotor-rod accelerated over the 2-min trial with the rate of acceleration increasing from 0 to 25 rpm on trials 1 and 2. On trials 3 and 4, the rotor-rod reached a maximum of 50 rpm by the end of the 2-min trial. In experiment 2, the rotor-rod accelerated to 50 rpm in 2 min in trials 1 and 2. In trials 3 and 4, the 50-rpm rate was reached by the end of the first minute. ; NEN Life Sciences) for 30 min in presence of the antioxidant, ascorbate (5 mM); the monoamine oxidase inhibitor, pargyline (10 M); the 5-hydroxytryptamine uptake inhibitor, citalopram (1 M); and the norepinephrine uptake blocker, desipramine (5 M). Slices were then transferred to a superfusion system (SF-12, Brandel, Bethesda, MD) and superfused at 33°C at a constant rate of 0.4 ml⅐min Ϫ1 . Fractions were collected every 4 min beginning after a 60-min superfusion. Two 2-min periods of 20 mM KCl were applied after 72 (S 1 ) and 104 (S 2 ) min of superfusion. Drugs were added to the superfusion buffer 20 min before S 2 . The efflux of tritium collected was calculated as a percentage of the total tritium present in the slices at the start of the fraction considered. The results were expressed as % increase in [ 3 H]dopamine release above control by using the following equation:
Vascular Preparations. Actylcholine-dependent vasodilation responses were studied in four different blood vessel preparations derived from wild-type and M5R Ϫ/Ϫ mice (females).
Cerebral arterioles (in vivo). Mice were anesthetized with pentobarbital sodium (75-90 mg͞kg i.p.), supplemented regularly at Ϸ20 mg͞kg per h. Animals were ventilated mechanically, and arterial blood pressure and blood gasses were monitored as described (27) . A cranial window was made over the left parietal cortex, and a segment of a pial arteriole was exposed (27) . The diameter of cerebral arterioles was measured by using a microscope equipped with a television camera coupled to a video monitor and an image shearing device (27) . The diameter of one arteriole per animal was measured under control conditions and during topical application of drugs (cumulative administration; ref. 27) .
Basilar and coronary artery (in vitro). After anesthesia (pentobarbital, 100 mg͞kg i.p.), the brain and heart were rapidly removed and placed in ice-cold Krebs buffer of the following composition: 118.3 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl 2 , 1.2 mM MgSO 4 , 1.2 mM KH 2 PO4, 25 mM NaHCO 3 , and 11.1 mM glucose. The basilar and the left anterior descending or right coronary arteries were isolated by using a dissecting microscope, cannulated onto glass micropipettes (30-80 m in diameter) filled with Krebs buffer in an organ chamber, and secured with nylon monofilament suture as described (43) . Arteries were pressurized to 40 (coronary artery) or 60 (basilar artery) mm Hg. Using a microscope and a video camera, the vessel image was projected on a video monitor. An electronic dimension analyzer was used to measure lumen diameter. Isolated artery segments were submaximally contracted (50-60% of maximal KCl responses) with the thromboxane mimetic, U-46619 (0.05-0.1 g͞ml; Biomol, Plymouth Meeting, PA), to minimize possible variability in the degree of intrinsic vascular tone. After development of stable contractions, cumulative acetylcholine doseresponse curves were obtained as described (43) .
Carotid artery (in vitro). Mice were anesthetized with pentobarbital (100 mg͞kg i.p), and both carotid arteries were quickly removed and placed in Krebs buffer. Loose connective tissue was removed, and each artery was cut into two rings. Vascular rings were suspended in an organ bath containing Krebs solution maintained at 37°C. The rings were connected to a force transducer to measure isometric tension (contraction). Resting tension was increased stepwise to reach the final tension of 0.25 g (44) . After submaximal preconstriction of the vascular preparations with U-46619 (0.4 g͞ml), relaxation responses to acetylcholine (10 Ϫ9 -10 Ϫ5 M) were measured by using a cumulative concentration-response protocol, as described (44) . Acetylcholine responses were expressed as percent decrease in tension from preconstriction values.
Results
Generation of M5R ؊/؊ Mice. The M 5 muscarinic receptor gene was inactivated in mouse TC1 (129SvEv) embryonic stem cells, by replacing a segment of the receptor coding sequence (encoding the first 250 aa of the M 5 receptor including the first five transmembrane domains) with a neomycin-resistance cassette (Fig. 1 A) . By using standard transgenic and mouse breeding techniques (41, 42), we initially obtained chimeric mice that were used to generate F 1 offspring heterozygous for the M 5 receptor mutation. F 1 mice were then intercrossed to obtain wild-type (M5R ϩ/ϩ ) as well as heterozygous and homozygous (M5R Ϫ/Ϫ ) M 5 receptor mutant mice, as determined by Southern blotting analysis (Fig. 1B) .
M5R Ϫ/Ϫ mice were obtained with the expected Mendelian frequency and did not differ from their wild-type littermates in body weight, overall health, fertility, and longevity. Also, M5R Ϫ/Ϫ mice showed no obvious morphological or behavioral abnormalities. Immunoprecipitation studies with receptorsubtype selective antisera demonstrated that inactivation of the M 5 receptor gene had no significant effect on the expression levels of the M 1 -M 4 muscarinic receptors in mouse brain (data not shown). In agreement with a previous report (12) , RT-PCR studies showed that M 5 receptor mRNA is present in all major brain regions in wild-type mice (Fig. 1C) . As expected, no PCR product was obtained with RNA derived from tissues from M5R Ϫ/Ϫ mice, confirming the lack of intact M 5 receptor transcripts in M5R Ϫ/Ϫ mice (Fig. 1C) .
Tremor, Salivation, and Body Temperature Responses. Administration of centrally active muscarinic agonists results in several striking behavioral and physiological responses, including whole body tremor, hypothermia, and profound salivation (41, 42) . To investigate whether M 5 receptors are involved in mediating these effects, M5R Ϫ/Ϫ mice and their wild-type littermates were injected with increasing doses of the centrally active, nonselective muscarinic agonist, oxotremorine (0.03, 0.1, and 0.3 mg͞kg s.c.; n ϭ 5 per dose and genotype). This analysis showed that oxotremorine-induced tremor, salivation, and hypothermia responses were not significantly affected by the lack of M 5 receptors (data not shown).
Muscarinic Agonist-Induced Dopamine Release in Striatal Slices. M 5 receptor mRNA is expressed by dopamine-containing neurons of the substantia nigra pars compacta (10, 11) , and low levels of M 5 receptor protein have been detected in the striatum (9) . To test the hypothesis that M 5 receptors located on the terminals of nigrostriatal dopaminergic projection neurons may regulate dopamine release in the striatum, we carried out a series of in vitro dopamine release experiments using striatal slice preparations prelabeled with [ (Fig. 2) . This increase in [ 3 H]dopamine output was completely abolished in the presence of atropine (10 M; data not shown), indicating that it is mediated by stimulation of striatal muscarinic receptors. Although the magnitude of this response was not significantly affected by the lack of M 5 receptors at the highest oxotremorine concentration used (100 M), a Ͼ50% reduction (P Ͻ 0.05) in [ 3 H]dopamine output was observed after incubation with 10 M oxotremorine (Fig. 2) . These data clearly indicate that M 5 receptors play a role in facilitating dopamine release in the striatum.
Behavioral Studies Examining Locomotor Activity and Coordination.
Because muscarinic and dopamine receptors interact in the striatum to control normal locomotor behavior (45-47), we next examined whether locomotor activity and coordination were changed in the M5R Ϫ/Ϫ mice. As shown in Fig. 3A, M5R Ϫ/Ϫ mice showed normal levels of spontaneous locomotor activity in an ''open-field'' test. Similarly, administration of the indirect dopamine receptor agonist, amphetamine (1, 3, and 10 mg͞kg s.c.), resulted in comparable stimulatory locomotor responses in wild-type and M5R Ϫ/Ϫ mice (Fig. 3B) . Similar results were obtained after administration of the direct dopamine receptor agonist, apomorphine (0.3, 1, 2, and 4 mg͞kg s.c.; n ϭ 10 per dose and genotype; data not shown). Likewise, M5R Ϫ/Ϫ mice per- formed equally well as their wild-type littermates on an accelerating rotor-rod (Fig. 3 C and D) , a test widely used to assess proper locomotor coordination. Taken together, these findings suggest that M 5 receptors do not play a major role in the striatal circuitry controlling locomotor activity and coordination.
Acetylcholine-Mediated Dilation of Cerebral Arterioles and Arteries.
M 5 receptor mRNA has been identified in various peripheral and cerebral blood vessels (21, 22) . To examine whether cerebral M 5 receptors play a role in mediating cholinergic vasomotor effects, we studied acetylcholine-dependent dilator responses in cerebral microvessels (pial arterioles) and a large cerebral artery (basilar artery), using vascular preparations from wild-type and M5R Ϫ/Ϫ mice. We first assessed acetylcholine-mediated increases in the diameter of pial arterioles by intravital microscopy through a cranial window (27) , 75 Ϯ 5 mm Hg), or arterial pH and blood gasses (data not shown; n ϭ 8 per genotype in each case). In wild-type mice, as reported previously (24) (25) (26) (27) , topical application of acetylcholine (1 and 10 M) produced concentration-dependent vasodilator responses (Fig.  4A) . Strikingly, this activity was totally abolished in M5R wild-type; ANOVA followed by posthoc Bonferroni's t test). dependent dilator responses in basilar artery preparations from wild-type mice. Strikingly, this activity was almost completely abolished in arterial preparations derived from M5R Ϫ/Ϫ mice (Fig. 5A) . Consistent with this observation, RT-PCR studies revealed the presence of M 5 receptor transcripts in the basilar artery (Fig. 1C) . On the other hand, papaverine (100 M), an endothelium-independent vasodilating agent, caused similar relaxation responses in basilar artery preparations from wild-type and M5R Ϫ/Ϫ mice (Fig. 5B) . Taken together, these results convincingly demonstrate that acetylcholine-dependent dilator responses of cerebral arterioles and arteries are mediated by the M 5 muscarinic receptor subtype.
Acetylcholine-Mediated Dilation of Extra-Cerebral Arteries. We next wanted to explore whether M 5 receptors are also required for acetylcholine-dependent dilation of extra-cerebral arteries. To address this question, we carried out a series of in vitro studies with coronary (43) and carotid (44) artery preparations, two acetylcholine-sensitive peripheral blood vessels widely used in vascular biology research. In coronary and carotid artery preparations from wild-type mice, acetylcholine (10 Ϫ9 -10 Ϫ5 M) caused concentration-dependent dilator͞relaxation effects (Fig.  6) . The magnitude of these responses did not differ significantly between preparations from wild-type and M5R Ϫ/Ϫ mice (Fig. 6) . Consistent with this observation, we were unable to detect M 5 mRNA in either of the two peripheral vascular preparations by using an RT-PCR strategy (data not shown).
Discussion
To reveal the potential physiological roles of the M 5 muscarinic receptor, we generated and analyzed M5R Ϫ/Ϫ mice. The M 5 receptor, like the remaining four muscarinic receptor subtypes (M 1 -M 4 ; refs. 48 and 49) , is known to be expressed in the striatum (9) , a region that is critically involved in the control of extrapyramidal locomotor activity. In agreement with previous studies (19, 20) , we found that agonist-mediated activation of striatal muscarinic receptors led to a significant increase in the release of dopamine in striatal slice preparations from wild-type mice (Fig. 2) . Interestingly, M 5 receptor RNA has been identified in dopamine-containing neurons of the substantia nigra pars compacta (10, 11) , the source of striatal dopamine, raising the possibility that M 5 receptors may play a role in regulating dopamine release in the striatum. Consistent with this hypothesis, we observed that the lack of M 5 receptors resulted in impairments in muscarinic agonist-induced dopamine release at an intermediate agonist (oxotremorine) dose (Fig. 2) . However, maximum dopamine release was unaltered in M5R Ϫ/Ϫ mice, indicating that other muscarinic receptor subtypes also contribute to this response. Despite these neurochemical deficits, M5R Ϫ/Ϫ mice showed normal locomotor coordination and did not differ from their wild-type littermates in spontaneous locomotor activity and in the magnitude of the stimulatory locomotor response caused by administration of direct and indirect dopamine receptor agonists (Fig. 3) . In contrast, recent studies have shown that the lack of either M 1 (50) or M 4 (41) muscarinic receptors results in significant increases in basal locomotor activity, probably caused by changes in the activity of striatal projection neurons that express both receptor subtypes at high levels (48, 51) .
M 5 receptor mRNA also has been detected in dopaminecontaining neurons of the ventral tegmental area (10, 11), a region known to mediate important cognitive and affective functions and thought to be involved in the etiology of several neuropsychiatric disorders including schizophrenia and drug addiction (52, 53) . Because stimulation of mesolimbic muscarinic receptors leads to the activation of dopaminergic ventral tegmental area neurons (54, 55) , M 5 receptors present on ventral tegmental area neurons may play a role in the pathophysiology of schizophrenia or addictive behavior (52) .
It is well known that acetylcholine is a powerful dilator of most vascular beds and that this activity is mediated by endothelial muscarinic receptors triggering the release of the actual vasorelaxing agent, NO (23) (24) (25) (26) (27) (28) . Recently, RT-PCR studies have demonstrated the presence of M 5 receptor mRNA, along with transcripts coding for other muscarinic receptor subtypes, in various peripheral and cerebral blood vessels (21) including human brain microvessels (22) . In the present study, we made the striking observation that acetylcholine-mediated dilation of cerebral arteries and microvessels is virtually abolished in M5R Ϫ/Ϫ mice (Figs. 4 and 5) . It is very unlikely that this striking phenotype was caused by the mixed genetic background (CF-1 ϫ 129SvEv) of the mice used in this study, because acetylcholinemediated dilation of cerebral blood vessels has been demonstrated in all mouse strains examined so far, including ICR (24, 27) , SV-129 (26, 57) , and C57BL͞6 mice (57, 58) . These data therefore support a model in which activation of endothelial M 5 receptors represents a first step in the cholinergic relaxation response of cerebral blood vessels. In subsequent steps, M 5 receptor-mediated activation of G proteins of the G q family is predicted to trigger increases in intracellular calcium and inositol 1,4,5-trisphosphate levels (5-8), which eventually lead to the activation of endothelial NO synthase and the production of NO (56) .
The cerebral circulation (both large arteries and microvessels) receives cholinergic innervation from extrinsic and intrinsic sources (29) (30) (31) (32) (33) , and neuronally released acetylcholine is known to be involved in the regulation of cerebral vascular resistance and regional blood flow (34) (35) (36) (37) (38) . For example, cortical microvessels are known to be innervated by cholinergic neurons of the basal forebrain (29, 33) , and stimulation of basal forebrain cholinergic nuclei leads to considerable increases in cortical blood flow (34, 37, 38) . It has also been reported that cortical microvessels are deficient in cholinergic neurogenic control in Alzheimer's disease (29) and that central cholinergic stimulation with the cholinesterase inhibitor, physostigmine, can reverse the decrease in cortical blood flow observed in Alzheimer's disease (39) , implicating deficits in cortical cholinergic vasodilation in the pathophysiology of this disorder. In addition, several studies suggest that cholinergic vasodilator fibers may play a protective role during focal cerebral ischemia (35, 40) . M5R Ϫ/Ϫ mice therefore represent excellent tools for more detailed investigations into the physiological and pathophysiological roles of the central cholinergic vasodilator system.
In contrast to the results obtained with the cerebral vascular preparations, the lack of M 5 receptors had no significant effect on acetylcholine-mediated relaxation of extra-cerebral arteries (carotid and coronary arteries; Fig. 6 ). It is likely, that another G q -coupled muscarinic receptor, such as the M 3 receptor subtype that is widely expressed in peripheral tissues (59) , mediates the vasodilator effects of acetylcholine in peripheral vascular beds.
In conclusion, we provide direct evidence that M 5 muscarinic receptors are not physiologically ''silent'' but are intimately involved in regulating the diameter of cerebral arterioles and arteries. From a clinical point of view, selective M 5 muscarinic receptor agonists may become therapeutically useful to increase cerebral blood flow in certain pathophysiological conditions including Alzheimer's disease and cerebral ischemia.
